ABSTRACT: Monitoring the infrastructures is increasingly achieving a role of primary importance for their structural assessment, during service conditions or after unusual or catastrophic events. Long term monitoring has immediate implications in the safety and reliability of the infrastructures because it immediately allows data comparison between two events in the life of a structure, being able to find where and how the structure is changing its performance. Complementary to monitoring, in-situ load testing has become a viable and relatively inexpensive solution to assess structural performance, but an easy and quick setup is necessary to perform the test in an effective and relatively low cost procedure. The use of traditional test equipment for structural monitoring and load testing carries a certain number of disadvantages due to its high cost per instrumented point, limited durability and unpractical application. This paper presents, through a series of case studies, the use of high precision automated Total Station System, to remotely measure and record structure special deformations, and illustrates future research development undergoing at the University of Bath for further improving structural monitoring procedures.
INTRODUCTION
Field testing is an increasingly important topic in the management and understanding of both new infrastructure using new technologies and deteriorating infrastructure, in particular bridges and pavements. There is a need for accurate and inexpensive methods for diagnostics, verification of load distribution, determination of the actual load carrying capacity and assessment of the structural performance after an isolated and possibly catastrophic event. Recent studies indicate that over one quarter of the bridges in the US are either structurally deficient or functionally obsolete, with about half of these involving steel superstructures (FHWA, 2004) . The major factors that have contributed to the present situation are ageing, substantial increase in traffic on existing life-lines, lack of routine inspection and inadequate maintenance, in addition to the effect of the harsh and changing environment. Deficient bridges are subject to load restrictions, repaired or replaced. Demolition of bridges has obvious economic and safety implications. To avoid high costs of unnecessary replacement or repair, the evaluation must accurately reveal the present load carrying capacity of the structure and predict loads and any further changes in the capacity (deterioration) in the applicable time span (Deza 2004) . Frequently, diagnostic load tests reveal larger margins of strength and serviceability than would be expected in a codified design assessment. The combination of conservative decisions and assumptions made as part of the design process in order to arrive at a practical and safe construction will typically, but not always, result in predicted rating factors which are more conservative than they need to be (Chajes et al. 1997) . When investigating the structural performance of large scale structures under dynamic, load distribution, stiffness and degree of fixity become even more important because of the possible scale effect that one of these may have on the structure. It is then very important to be able to monitor on-site the structural performance in order to both calibrate analytical tools and to validate the existing knowledge and assumptions about the structure.
Dynamic Monitoring
During the past decade many research studies have focused on the possibility of using structural vibration characteristics to evaluate structural health or to assess its performance under severe excitation. Although the use of dynamic properties has advantages over the use of static ones (Zhao and DeWolf 2002) , it is not so easy to excite a large scale structure in order to monitor its dynamic performance. In the particular case of bridges of small and large scale, daily traffic is only able to excite lower natural frequencies and mode shapes. Monitoring dynamic behavior of a structure using traditional equipment such as accelerometers, displacement transducers, or traditional or fiber optic strain-gauges is very expensive.
It is necessary to fix instrumentation directly to the structure, to establish direct connection with reference points for absolute displacements, to install all the associated wiring and to establish a secure electricity supply on site.
All these activities have associated hazards and disruption, as well as an obvious direct physical and aesthetic effect on the structures being monitored. To overcome these problems, several studies (e.g. Lovse et al. 1995 , Radovanovic and Teskey 2001 , Meng et al. 2004 ) have investigated the use of high precision surveying equipment such as GPS and robotic tacheometry systems to reduce costs related to onsite instrumentation in direct contact with the structure. Experimental results are promising but the sampling rate of these systems (maximum 1 Hz for robotic tacheometry, 10 Hz for GPS) cannot be compared with traditional monitoring equipment and definitely would not be suitable for monitoring excitation caused by a seismic event.
Quasi-Static and Static Monitoring Via InSitu Load Testing
For these reasons, quasi-static and static monitoring via in-situ load testing is a very well established technique to validate on site structural performance of both existing and new construction Casadei and Nanni, 2003; . From the response of the structure it is possible to model the overall structural behavior, then, after calibrating a finite element model, to simulate a linear behavior of the structure under different loading conditions. Experimental load testing on bridges can be categorized as either diagnostic or proof testing. In a diagnostic test, a predetermined load, typically near the rated capacity of the structure, is placed at several different locations along the bridge. The load is generally applied by positioning the wheels of pre-weighted vehicles at predetermined locations on the deck (see Figure 1 ). The corresponding response is measured, and then used to develop a numerical model of the bridge to allow estimation of the maximum allowable load. In a proof test, incremental loads are applied to the bridge until either a target load is reached or a predetermined limit state is exceeded. Using the maximum load achieved, the capacity of the bridge can be determined. Although diagnostic tests provide only an estimate of the load carrying capacity of a bridge, they have several practical advantages including lower cost, shorter testing time, and less disruption to traffic. Because of these advantages, diagnostic testing is commonly used to assess structural performance of bridges. A major difficulty in the testing and evaluation of bridges in the field is the measurement of vertical deflections. The use of instruments such as mechanical dial gauges, linear potentiometers, linear variable differential transducers (LVDTs), and other similar types of deflection transducers is not always feasible, because a fixed base is needed from which relative displacements are measured (see Figure 2) . This often requires access under the bridge to erect a temporary scaffolding to mount the instrument or for running a wire from the instrument to the ground. Large bridges usually exist because they are spanning some natural or man-made feature which makes if very difficult, disruptive or impossible to establish such a connection These difficulties can now be overcome by means of a non-contact deflection measurement technique using an automated target recognition (ATR) Total Station (TS) system. The solution allows measuring the spatial coordinates of discrete points on a bridge in three dimensions without need of touching the structure or any wiring system. This characteristic of the system is very useful in the circumstances described above (e.g. Figure 3 ). In addition to the advantages previously mentioned, while LVDTs can only monitor one vertical displacement of a discrete point, TS will provide three-dimensional coordinates of every target placed on the structure, so allowing detailed observation of complex structural movements. The major downside between using TS and conventional monitoring equipment (i.e. LVDTs) is the sampling rate at which data can be gathered. While field data acquisition systems can normally record data at 100 Hz or more, from multiple devices, TS can retrieve data at 1 Hz from only one target at a time, with a corresponding reduction in frequency if multiple targets are used, reducing considerably the amount of information recorded from the structure. In practice the sampling rate for TS monitoring, with manual aiming, has been found to average about 45 sec to 1 minute per target, depending on the number of readings per target (multiple readings are necessary to single out errors caused by operator, instrument, test setup, environment conditions). 
MONITORING BRIDGES WITH AN AUTOMATED TARGET RECOGNITION TOTAL STATION
The Total Station employed in the following case studies, here presented, is a Leica TCA2003 (www.leica-geosystems.com) as shown in . The instrument sends pulses of laser light to reflecting prisms mounted on the structure to be monitored and uses the return time to determine their distance, whilst by recording a horizontal angle relative to fixed reference points placed outside the structure, and a vertical angle, it can determine the co-ordinates of the prism, and so the change in co-ordinates between observations. The accuracy of 0.5 sec on angular measurements and 1 mm+1 ppm on distance measurements, in average atmospheric conditions, allows 1mm accuracy to be achieved at distances well over 100m. With the inbuilt automatic target recognition (ATR) system and the on-board monitoring program for carrying out repeat measurements automatically at regular intervals, the instrument, once programmed, can run automatically without the presence of an operator. The data are recorded on a memory card and may be displayed on a laptop in real-time via a serial connection, allowing much more flexibility during load test operation and assuring a higher level of accuracy. The ATR system and the remote control system (RCS) allow a much quicker and more accurate use of the equipment because they filter out any possible human error. In assessing the structural performance of a bridge, using deflection monitoring with a TS system, it is necessary to establish relative vertical deflections across the width of the structures (transverse) as well as along the length of the structure (longitudinal). The first one enables assessment of lateral redistribution of loads, while the second allows the continuous behavior of the girders to be studied, and boundary conditions over supports and at joints to be evaluated. Together these allow the engineer to refine the structural analysis or finite element model to study overall structural behavior, and make it possible to model the dynamic response when needed. A typical field setup to meet these requirements is shown in Figure 5 . Reflector locations are marked at critical positions to evaluate both longitudinal and transversal deformation. Reference points, are located on and off the structure where it is expected that no movement will occur, ideally in a circular array at 120º intervals from the total station (this distribution is important to zero out the angular errors within the instrument), and at a similar distance as for the reflectors placed on the structure. The TS location is chosen to assure a clear line of sight to all the points to be monitored, and ideally at a similar distance from all reflectors.
CASE STUDIES
In the following paragraph, the authors introduce three case studies that cover the chronological validation of monitoring bridge deflections using robotic total stations. The research work has been conducted by the Center for Infrastructure Engineering Studies (CIES) at the University of Missouri-Rolla (UMR), USA.
3.1 Monitoring of Five Off-System Reinforced Concrete Bridges Before and After FRP Strengthening In order to make fiber reinforced polymer (FRP) strengthening technologies available to bridge owners and practitioners, the University of Missouri-Rolla and MoDOT joined in a cooperative research project to validate the technology through field testing .
From an initial list of hundreds of structurally deficient bridges, five load-restricted reinforced concrete (RC) bridges, geographically spread over the state of Missouri, were selected to be strengthened using composite materials. This selection was based on location, quality of the concrete, accessibility, and the nature of the creek intersected. Figure 6 shows the approach to one of the selected bridges. On a large number of farmto-market roads in Mid-America, old deficient bridges impose limits on heavy vehicles and, whenever possible, they need to be upgraded and maintained. A preliminary analysis to demonstrate the feasibility of the strengthening on candidate bridges was carried out and five bridges were finally selected. Four of the bridges are "T-beam" reinforced concrete (RC) type, and the fifth one is of the "solid slab" RC type. One of T-beam bridges has a four-girder supported deck, while the others have three girders. For the "T-beam" bridges, the number of spans varies from three to five, with total lengths ranging from 127 ft (38.7 m) to 237 ft (72.3 m). For the "solid slab" bridge, formed by two spans, the total length is 30 ft (9.1 m). All bridges have a speed restriction to 15 mph (24 km/h) and a load posting restriction that limits trucks over 18 to 21 tons (16.3 to 19.05 tons in SI units) for the T-beam RC bridges and 9 tons (8.16 tons in SI units) for the solid-slab RC bridge. Bridges were strengthened using four different FRP techniques and a variation named steel reinforced polymer (SRP) (Huang et al. 2004 ). More than one strengthening technique was used for each bridge. Under the five-year monitoring program, in-situ load testing (Casadei and Nanni 2003; Myers and Merkle 2004; ) was implemented on each structure prior to and after the strengthening.
Comparison of the behavior before and after the strengthening shows the improved performance of the bridge; subsequently, semiannual tests over a period of five years will show if stiffness degradation may occur over time. Monitoring of deflection during the load tests was carried out using a Total Station system. The static load tests were performed using standard trucks (Casadei and Nanni 2003) . Figure 7 shows the prisms attached to the girders of one of the bridges and the Total Station. Because all bridges were RC structures, steel plates were bonded on the girders where the deflection reading was required, and reflectors were mounted using high performance magnets, then removed after the test. Figure 8 shows the installation of the reflectors prior to the load test. Deflections were measured at several locations, transversely at mid span and longitudinally along an exterior and its adjacent interior girder (See Figure 10 ). A typical comparison between deflections obtained on load tests performed before and immediately after the strengthening on one of the bridges is shown in Figure 10 . As expected, a marginal decrease in deflection was obtained after the application of the FRP reinforcement. Subsequent tests over a period of five years will be compared to these two baselines. Significant changes in the deflection response could indicate the necessity of re-analyzing and rerating the bridge structure. The success of the project , after the first two rounds of in-situ load tests convinced the researchers of the value of further development and validation of the monitoring technique, leading to the two following projects.
Performance Validation of High Performance
Steel Bridges This project was the evaluation of two High Performance Steel (HPS) bridges, A6101 and A6102, located in the city of Lexington in Lafeyette County, Missouri. Bridge A6101 is located on Mo. Rt. 224/Mo. Rt.13, while Bridge A6102 is located on Rt. 24 over relocated Rt. 13. The two bridges have similar geometrical and structural characteristics, and both had just been opened to traffic at the time of the test. The bridges are built with two continuous 137 ft (42 m) long spans with central supports consisting of RC cross-heads supported by three RC circular piers (See Figure 12) . The superstructure consists of 5 HPS girders supporting an RC deck. To improve the evaluation of the load-carrying capacity of the bridges, nondestructive field tests were conducted. The bridges were tested both statically and dynamically using six H20-44 trucks as specified in AASHTO (2002) . The dynamic load was applied by moving the trucks at different speeds over the bridge deck. In this research, both TS and conventional extensometers (LVDTs) were used to measure the bridge deflections. The TS was used to monitor the deflection of 19 points located on the girders (see Figure 13 ). The LVDTs were primarily used to measure the dynamic deflection of the bridges; they were mounted in correspondence to three prisms monitored by the total station in order to validate the accuracy of the latter during the static test. The comparison between theoretical results according to the AASTHO standard specifications and experimental observations, and between static and dynamic loading results, allowed the safety of the structures to be established. A Finite Element Model (FEM) was developed. The numerical FEM was able to represent the actual behavior of the bridges, and therefore it could be used to determine the actual load rating of the bridges and their safety over time (see Figure 14 ). Whilst the precision of measurements from TS and LVDT was different, the degree of correlation between the two sets of observations provided the necessary confidence in the sensing methods.
Health Monitoring of a High Performance
Steel Bridge Damaged during Construction (Matta et al., 2005) This project was the assessment of a High Performance Steel (HPS) bridge located at the Lake of the Ozarks in Miller County, MO. The bridge number is A6358 and it is located on US Rt. 54/Osage River. During construction a lateral girder experienced severe damage due to wind as shown in Figure 16 . After discussion between the owner and the contractor, the girder was straightened and repositioned. Because of the yielding of several cross sections along the girder (evident from Figure  16 ), MoDOT asked UMR to evaluate the overall performance through field monitoring and establish the actual behavior of the structure. Two different modern techniques for Structural Health Monitoring (SHM) were applied for this purpose, in order to advance their field validation process: a Robotic Total Station was used to monitor deflections of the girders, while the strain profiles were measured by means of an advanced fiber optic technique.
Displacements of the girders were evaluated using the TS during the pouring of the concrete deck and a diagnostic load test, and after bridge completion. A total of 22 reflecting prisms were mounted onto the bottom flange of the girders, and four reference targets were placed outside the bridge superstructure. Strain and temperature distributions along some of the girders were measured during the diagnostic load test by fiber optics using distributed Brillouin Optical Time-Domain Reflectometry (BOTDR) (Bastianini et al. 2003 ). The method is based on the "Brillouin" phenomenon, which defines a linear relation between the axial strain in an optical fiber, and the corresponding shift in the frequency distribution of the scattered Brillouin light generated when an optical impulse runs through a fiber. A single optical circuit, comprised of bare fibers and a custom-made novel glass FRP tape with embedded sensing fibers, was installed on the web of the girders at different depths, along two continuous spans. Experimental deflection and strain data were verified to be consistent with each other, and allowed evaluation of the actual girder distribution factors. The comparison between experimental and theoretical results based on the AASHTO LRFD Bridge Design Specifications (AASHTO, 1998) allowed the safety of the structure to be established, although a significant deterioration in the performance of external damaged girder was revealed, as expected, which may call for further assessment and monitoring.
FUTURE RESEARCH: REFLECTORLESS TOTAL STATION
The use of total stations measuring to reflectors requires a reflector to be fixed to each point on the structure to be monitored. Consequently, the number of points monitored is limited by considerations of expense, access, aesthetics, and damage to the structure being observed. In the case of historic structures, the very process of affixing a reflector is likely to be regarded as damage, and as more reflectors are used, there will also be greater impact on the aesthetics. Access to fix reflectors may also be expensive in itself, and hazardous to personnel and to the structure (see Figure 18 ). The number of reflectors used is therefore likely to be minimal, and in many situations it would be preferable not to have to fix reflectors at all. The development of total stations which do not require reflectors would in principle solve the problem and considerably reduce the overall monitoring process. It is necessary for the 'footprint' to which the laser light measures the distance to be small and visible, so that the operator can see that the distance is being measured to a clearly defined and unambiguous surface. For monitoring larger structures, it also becomes necessary for the distance that can be measured without a reflector to be adequate.
A high performance instrument allows the measurement of distances to ordinary surfaces, i.e. without a special reflective target, to distances of 300m or more, to a footprint approximately 12 mm by 40 mm at 100m, to an accuracy of +/-3 mm +2 ppm. However, in practice it is difficult to ensure that points observed can be accurately identified and re-observed later. Researchers at the University of Bath are planning the development of a combination of digital camera and total station for deformation monitoring, to enable telescope images to be captured and compared with previously recorded images. Any feature or marking on a structure then becomes usable in place of a traditional reflector. This will remove the limitations on number of observation points that is imposed by the use of reflectors, and allow much more subtle observations of behavior. The current research project aims to address this issue by attaching a very high resolution digital camera to the telescope of a Leica total station, which in conjunction with remote control of the instrument using the Leica GeoCOM language, will enable full operation of the total station from a computer. The prime benefit of the proposal is the ability to monitor deformations with high precision during in-situ load testing of structures or as part of a structural health monitoring programme, without having to set targets on the structure itself. Secondary benefits arise from the consequent ability to observe many more points than has been normal; for example, to identify areas of bulging and incipient spalling on a concrete surface, or joint displacement in a steel frame structure, as might happen as a consequence of a seismic or blast loading event. A further aim of the project is to use image analysis to allow automation of target location and instrument alignment.
CONCLUSIONS
This paper has described the current state of the art in bridge monitoring using high precision surveying equipment. Three case studies of bridge load testing have been presented. An on-going research project in the area of structures monitoring, being carried out at the University of Bath has been described. The thrust of this work is aimed to develop equipment and procedures for structures monitoring and in-situ load testing. Although surveying monitoring equipment (i.e. Total Stations) may not suit dynamic testing, evidence has shown that relevant information regarding the structural performance of the bridge may be obtained from static load testing and then used to model the overall performance of the structure. Further studies will investigate the possibility of relating bridge performance prior to and after a catastrophic event using the data collected from static loads by this surveying monitoring system.
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